Modifying inert poly(ethersulfone) membranes using laccase has proven to be an environmentally benign and easily applicable process to alter the membrane's surface properties. By this method phenolic acid monomers such as 4-hydroxybenzoic acid are grafted from the membrane surface to make it antifouling. In order to enhance the anti-fouling capabilities even further it is important to study the molecular details of this reaction. However, the nature of the products of laccase modification, either on a surface or in solution, has been studied only poorly. In this paper we report the formation of C3-C3 0 ,
Introduction
Laccases are copper-containing oxidoreductases found in plants, bacteria and fungi. In nature they act on catechols (1,2-dihydroxybenzenes) and other phenols and convert these to radical species via radical cation intermediates. 1 Most members of the laccase family exhibit a very large substrate scope, which makes them useful catalysts in organic chemistry. [2] [3] [4] This scope is enlarged even further when mediator systems are employed.
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In these cases a mediator molecule is rst oxidized by laccase, aer which this oxidizes a molecule that cannot directly be oxidized by laccase. This makes laccases interesting biocatalysts and underlines clearly why they are used in a wide variety of applications ranging from polymerization [6] [7] [8] and small molecule synthesis [9] [10] [11] [12] to waste water purication [13] [14] [15] and the modication of biorenewables. 16, 17 Within the sub-class of small molecule synthesis the formation of dimers out of (naturally occurring) phenols draws special attention. [18] [19] [20] For some of these transformations the molecular structure of the product(s) is discussed, mainly when it concerns single product reactions or polymerization reactions. 21, 22 However in many cases a particular transformation is only characterized by a qualitative description of observed changes in the system; for example a shi in the UV spectrum or disappearance of the starting material according to mass spectrometry. This is common when dye or drug degradation is studied.
23,24
Apart from the previously mentioned wide variety of applications of laccase it is also known for its ability to gra small monomers from (natural) bres such as wood or cotton.
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Within our group we developed a methodology to widen this scope even further by modifying poly(ethersulfone) (PES) membranes. [28] [29] [30] [31] [32] In order to alter the surface of the membrane 4-hydroxybenzoic acid was graed from the membrane via a laccase-mediated reaction. Through this environmentally benign process 4-hydroxybenzoic acid and a range of analogues thereof could be covalently attached to the otherwise rather inert membrane. This method can be used to change the surface properties of such membranes in a tailor-made fashion, e.g. making it anti-fouling. 31 However, for further optimization of the anti-fouling properties a study of the molecular details of the graing process is essential.
Although some studies have looked at the reaction products resulting from the laccase-mediated conversion of vanillic acid (4-hydroxy-3-methoxybenzoic acid) and oligomerization reactions of syringic acid (4-hydroxy-3,5-dimethoxybenzoic acid), further studies into the product prole for laccase-mediated reactions involving 4-hydroxybenzoic acid have not yet been performed. 22, 33 It could be that, in the case of vanillic and syringic acid, the additional methoxy substituents block positions on the benzene ring that would otherwise be available for C-C and C-O bond formation, which thereby makes the product prole for these substrates less complex and easier to study. Considering its importance as monomer in membrane modication reactions we aimed to study the laccase-mediated oligomerization of 4-hydroxybenzoic acid (a lignin fragment) in solution and provide detailed insight in the product prole of this reaction. In order to do so the reaction products were separated by analytical or preparative HPLC and subsequently analysed by mass spectrometry. The two major products were also analysed by NMR and their structure was proven through independent synthesis. Studies regarding the reactivity of these products were conducted subsequently.
Results and discussion
Trametes versicolor laccase is able to oxidize phenolic substrates to their radical cations, which rapidly lose a proton to form radical species that further react to oligomers under ambient conditions at pH 5. The reaction conditions were adopted from previous work related to the mentioned modication of PES membranes and employed in our current studies of the solution phase reaction of 4-hydroxybenzoic acid (4-HBA) and laccase.
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In the current study the buffer solution was changed from a sodium acetate/acetic acid buffer to an ammonium acetate/ acetic acid buffer in order to be compatible with MS analysis. The reaction mixture of laccase and 4-HBA was mildly agitated for 24 h at room temperature with ambient air as oxidant. Thereaer laccase was removed from the mixture by centrifugal ltration through an ultraltration membrane to obtain enzyme-free material ready for LC-MS analysis.
Determination of 4-hydroxybenzoic acid conversion
Earlier attempts to polymerize 4-hydroxybenzoic acid were reported to be unsuccessful, 22 and it was claimed that 4-hydroxybenzoic acid was not oxidized under the used conditions at all (either of three different laccases in a mixed acetone/buffer medium). However, by employing, among others, colorimetric studies it was made clear that 4-hydroxybenzoic acid could be oxidized by laccase. 30 Further research on neither the conversion nor the products from this reaction had been reported.
In order to determine the amount of 4-hydroxybenzoic acid converted by the enzyme we measured the UV absorption of 4-hydroxybenzoic acid at 254 nm at several known concentrations. Using this calibration curve (ESI Fig. S1 †) we determined the conversion by diluting an aliquot of the reaction mixture and again measured the absorption at 254 nm. From this we concluded that 26% 4-HBA was converted aer 24 h using 26.8 mM 4-hydroxybenzoic acid and 1.0 U ml À1 of laccase.
Characterization of the main products of laccase-mediated oligomerization of 4-hydroxybenzoic acid
The follow-up goal was to determine the molecular structure of the main products of laccase-mediated oligomerization of 4-hydroxybenzoic acid. By employing LC-MS analysis we aimed to retrieve information on the molecular mass of the respective products and thereby an indication of their structure and a rough estimate of the relative abundance of the products. This information allows for a pre-selection of the most important molecules for further studies.
Separation of the main products of laccase-mediated oligomerization of 4-hydroxybenzoic acid was achieved on a C18 column through a two-step isocratic elution with an acidied water/acetonitrile mixture. As was already anticipated, the reaction of 4-hydroxybenzoic acid with laccase resulted in a complex mixture of products (Fig. 1) ; more than 25 individual peaks are visible in the LC-UV chromatogram (254 nm).
A selection of the most important products was made based on the highest peaks in the chromatogram (Table 1) . For all four components listed in Table 1 the corresponding molecular ion [M À H] was the signal with the highest intensity: adducts with other ions only made a minor contribution (see ESI Fig. S6 -S12 † for respective mass spectra and extracted ion chromatograms). Peak 1 at retention time 3.7 min corresponds to the starting material 4-hydroxybenzoic acid. The two product peaks with the highest UV absorption (peak 2 and 3 at retention time 4.5 min and 11.8 min), both correspond to a molecule with a mass of 274 Da. Furthermore, the third most intense product peak 4 has a retention time of 13.3 min and corresponds to a compound having a molecular mass of 380 Da. It is well known that laccase is able to oligomerize phenols and it is therefore logical that the products formed rst are dimers that in our case would have a mass of 274 Da. 21, 33 These two expected dimers are most likely formed through either a carbon centered radical or an oxygencentered radical, following a mechanism which is based on the proposed mechanism for other phenol dimerizations (Scheme 1). 21, 33 Laccase generates a 4-hydroxybenzoic acid radical cation that easily loses a proton. The thus formed radical is delocalized over the phenolic system. Two of these radicals can recombine following a tautomerization to form dimer 1 or 2 directly (top route). Alternatively, one of these radicals attacks a second molecule of 4-hydroxybenzoic acid to form another radical (propagation), from which a hydrogen atom is abstracted (termination) to form once again either dimer 1 or 2 (bottom route).
Independent synthesis of these dimers would facilitate their identication. The C3-C3 0 coupled dimer 1 could be synthesized through an Ullmann coupling with two equivalents of methyl 3-iodo-4-methoxy-benzoate in the presence of copper bronze (Scheme 2). 34 In order to obtain reasonable yields the reaction has to be heated above 250 C and stirred vigorously in a shallow boiling tube. This process yielded 68% of methylated compound 6. Demethylation was thereaer achieved through the use of boron tribromide followed by continuous extraction of the very polar product dimer 1.
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The C3-O coupled product 9 could be generated through a Chan-Lam coupling between commercially available methyl isovanillate and 4-methoxycarbonylphenylboronic acid in the presence of molecular sieves. 36 Again, demethylation through the use of boron tribromide and continuous extraction resulted in the desired dimer. 35 In order to properly compare retention times in HPLC at 24 h 4-hydroxybenzoic acid reaction sample was spiked with both synthesized dimers 1 and 2 and subsequently eluted under the same conditions as a non-spiked sample. The results (ESI Fig. S17 †) make clear that the retention time for both dimers corresponds to the retention time of the putative dimers as reported in Table 1 (entry 2 and 3) .
Furthermore, the mass spectra of the chemically synthesized dimers correspond to those of the dimers that are generated enzymatically (ESI Fig. S9 , S10, S20 and S21 †).
Denitive structure elucidation of the two putative dimers was achieved through their isolation from the reaction mixture by means of preparative HPLC. A comparison of 1 H NMR data (ESI Table S2 †) of both the chemically synthesized as well as the enzymatically generated material shows that the putative structures indeed correspond to the two main products in the laccase-mediated conversion of 4-hydroxybenzoic acid. In order to obtain an even more complete characterization of the products originating from laccase oxidation of 4-hydroxybenzoic acid we also aimed to obtain information on the structure of minor products. The third most intense UV product peak corresponds to a compound with m/z ¼ 379 (Table 1 , entry 4). Aer analysing the corresponding putative chemical formula we concluded that this is most probably a trimeric benzoquinone (a non-exhaustive list of possible trimeric benzoquinone species is depicted in Scheme 3) in which one of the subunits is decarboxylated, eventually leading to a 1,2-or 1,4-benzoquinone. Formation of a benzoquinone is further supported by the occurrence of a second peak in the mass spectrum of this product at m/z ¼ 381 (ESI Fig. S11 and S12 †). This additional peak arises because the benzoquinone moiety is easily reduced, which is apparent in the formation of a diol moiety two mass units heavier than its corresponding benzoquinone. This reduction can take place at the spray tip of the electrospray ionization source of the mass spectrometer in negative ionization mode. Similar reduction processes have been observed for 1,2-benzoquinone and have been extensively reviewed.
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The formation of a benzoquinone is in line with previous ndings involving vanillic acid as substrate, for which several benzoquinone-containing products were isolated. 21, 33 However, mechanistic details on this process remain until this point unclear. Where there are only limited options to couple two monomers, there is a multitude of options to couple three.
MS-MS analysis did not provide enough information to suggest a useful lead compound and more structural NMRbased information was required.
Scheme 1 Proposed pathway for the formation of dimers 1 and 2 through recombination of two 4-hydroxybenzoic acid radicals (top) or via radical propagation followed by proton abstraction (bottom).
Scheme 2 Synthesis route for dimer 1 (top) and dimer 2 (bottom).
Scheme 3 Possible structures for a benzoquinone trimer.
To obtain the material in sufficient quantities to be analysed by NMR the laccase-mediated modication of 4-hydroxybenzoic acid was performed at a 250 ml scale. Separation and purica-tion of the individual components, with as main goal the isolation of one or more trimeric benzoquinones, would then be achieved through repetitive preparative HPLC-runs. However, 40 repetitive separations still did not provide enough material for proper NMR characterization. The trimeric benzoquinones appear to be only very minor constituents of the complex product mixture.
As we were unsuccessful with regards to isolating the suspected trimeric benzoquinone we did not try to isolate other minor products, since we expect those to be even less abundant.
Determination of conversion towards dimers 1 and 2
In a fashion similar to the determination of the conversion of 4-hydroxybenzoic acid, we were able to determine the yield of dimers 1 and 2 aer laccase-mediated oligomerization of 4-HBA. Aer obtaining enough of both dimers through chemical synthesis as described above, we plotted a calibration curve (ESI Fig. S2 and S3 †) for the UV absorption of the corresponding peaks aer LC-separation at several known concentrations. By interpolation of the matching peak area of a 24 h laccase reaction sample to the calibration curve we determined that dimer 1 was obtained in 2% yield and dimer 2 in 0.2% yield. This means that the majority (almost 24%) of the previously mentioned 26% conversion of 4-HBA over 24 h is converted to other products. Most likely this is converted to a fast array of unique higher order oligomeric products which are all present in minute amounts. This composition therefore actually supports the efficient polymerization of 4-HBA and its success in membrane modication.
Laccase-mediated transformation of dimers 1 and 2
The low abundance of the two dimers in the reaction mixture prompted us to further investigate the role of these products in the reaction pathway. We hypothesized that these were no nal products but merely intermediates in a reaction mixture that is in a steady state in which the dimers are rapidly converted to different products, and in fact signicantly faster than the monomer 4-hydroxybenzoic acid.
To test this hypothesis we determined the conversion of both dimers under conditions similar to those of the reaction of laccase and 4-hydroxybenzoic acid. In this case the solubility of the dimers turned out to be the limiting factor, as a result we lowered the concentration of the starting dimer to 3.40 mM and changed the reaction medium to a 10% solution of methanol in 0.02 M ammonium acetate/acetic acid buffer (pH 5).
The conversion of dimers was determined under ve different conditions in which either one of the two dimers was solely present as substrate in the reaction mixture, or together with the second dimer, or in a mixture with also 4-hydroxybenzoic acid present ( Table 2) .
As shown in Table 2 , conversion of both dimers is similar across all screened conditions. Around 50% of dimer 1 and around 70-75% of dimer 2 is converted under these conditions. This is signicantly higher than the conversion of 4-hydroxybenzoic acid aer 24 h even under such non-optimal reaction conditions (lower concentration starting material and methanol as co-solvent). This supports the hypothesis that these dimers are highly reactive intermediate products in the laccase conversion pathway of 4-hydroxybenzoic acid. Furthermore the higher conversion of dimer 2 might also, in part, explain the lower yield of this dimer in laccase-mediated 4-hydroxybenzoic acid oligomerization as it is more rapidly converted than dimer 1.
In order to validate the hypothesis that dimers 1 and 2 are more reactive than the monomer 4-HBA we performed DFT calculations on the conversion of these substrates to their radical cation (ESI Table S1 †). As depicted in Scheme 1 this is the rate-limiting step and will thereby most likely govern the reactivity of the substrates.
We found that the generation of the radical cation in water for 4-hydroxybenzoic acid occurs less easily than for both dimers (energy gap of 154.9 kcal mol À1 (4-HBA) vs. 152.7 kcal mol À1 (dimer 1) and 147.8 kcal mol À1 (dimer 2)). These results support our hypothesis that dimers 1 and 2 are highly reactive intermediates in the laccase-mediated conversion of 4-hydroxybenzoic acid. Apart from some expected dimerization in the laccasemediated treatment of dimer 2 towards a molecule with a molecular mass of 546 Da (ESI Fig. S13 and S14 †) little information was obtained on the nature of the formed products from dimer conversion. In the condition where dimer 1 and dimer 2 were both present as a substrate, two more peaks (with very low intensity) corresponding to a molecule with molecular mass 546 Da were observed (data not shown). Again (as with the conversion of 4-HBA) a wide range of molecules seem to be formed albeit all in very low yields.
The role of less abundant products
As indicated by the rapid conversion of dimers 1 and 2, products with low abundance might still be important in the oligomerization process. This implies that the pre-selection based on peak intensity will not include all relevant compounds. To nd out what other molecules might play a role, a close look was taken into the mechanism of dimer formation (Scheme 1).
So far the contributions of radicals Ac and Bc to form dimers 1 and 2 have been taken into account. Radical Cc however might also give rise to dimers followed by decarboxylation. In 
These dimers will most likely have a stronger affinity for the used C18 column during LC-separation, therefore the LCmethod was slightly adjusted towards a higher percentage of the less polar solvent acetonitrile (LC3). Indeed several peaks that correspond to a molecule having a mass of 230 Da were observed (ESI Fig. S15 †) . Some of these peaks represent MSgenerated adducts or fragments of molecules which are present in far higher concentrations, i.e. the peak at 10.6 min which represents a fragment of dimer 2. The peak at 7.7 min (mass spectrum in ESI Fig. S16 †) , however, might correspond to one of the putative dimers.
In order to test this hypothesis we followed a similar approach as to the identication of dimers 1 and 2. For this purpose, chemically synthesized dimers need to be obtained in order to compare their retention times with those corresponding to the putative dimeric structures. Due to the even lower apparent abundance (based on UV intensity) of the putative dimers 3 and 4 compared to that of the possible benzoquinone (i.e. compound 10, 11 or 12), isolation through preparative HPLC was not pursued.
Whereas dimer 4 is commercially available, dimer 3 was synthesized using a slight modication of a recently published one-pot two-step synthesis involving a Suzuki coupling followed by saponication (Scheme 5).
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Co-injection of the dimers with an aliquot from the reaction of 4-HBA with laccase indicated the presence of dimer 3 (ESI Fig. S18 †) . Dimer 4, however, was difficult to observe (ESI Fig. S19 †) . Over the course of the reaction the yield of dimer 3 uctuated between approximately 0.01% and 0.02% (ESI Fig. S23 †) . The fact that these yields are so low indicates a rapid oligomerization of dimers 3 and 4.
To test this hypothesis, as was done for dimers 1 and 2 before, the laccase-mediated conversion of dimers 3 and 4 was monitored aer 24 h. Yet again the solubility, especially of dimer 4, proved to be an issue. This was overcome by increasing the percentage of the co-solvent methanol in the reaction mixture to 18.5%. As shown in Table 3 the conversion of dimer 3 went to completion over the course of 24 h (entry 1 and 3). This was also true for dimer 4 when it was present as sole substrate (entry 2). However, when 4-hydroxybenzoic acid was also present, only 70% of dimer 4 was converted (entry 4).
Full conversion of dimer 3 through laccase-mediated oligomerization explains the nding that the yield of this dimer resulting from the laccase-mediated oligomerization of 4-HBA is so low. This is, most likely, also true for dimer 4 when one takes into account the even less optimal conditions (18.5% MeOH) under which these reactions have been performed.
Based purely on the conversion at 24 h it is not possible to differentiate between the rates for the reaction of laccase with dimer 3 or 4. The conversion of both dimers, with or without 4-HBA, was therefore also monitored over time. The conversion of dimer 3 occurred with similar rates in both presence and absence of 4-HBA, and is already almost complete at 4 h (ESI Fig. S24 †) . In the absence of 4-HBA, dimer 4 seems to be converted slightly slower than dimer 3 (ESI Fig. S25 †) . When 4-hydroxybenzoic acid is present, however, the reaction does not seem to obey regular kinetics. The reason for this is unclear. Considering the structural similarity between both, it could be that 4-HBA acts as a competitive inhibitor for the conversion of dimer 4.
The relative reactivities of each dimer were also estimated by calculating the energy required for the formation of the radical cation from the respective dimer (ESI Table S1 †). These results (dimer 3: 137.1 kcal mol À1 ; dimer 4: 138.1 kcal mol À1 ) clearly underline that dimers 3 and 4 are even more reactive than dimers 1 and 2 and thus than 4-HBA. Apart from this, the subtle differences in calculated relative energies are reected in the rate of reaction of each dimer (dimer
These results clearly indicate that the yield of dimers is largely governed by rapid subsequent oligomerization. Furthermore, both the theoretical calculations and the experimental evidence thus support our hypothesis that the formed dimers are not nal products, but merely intermediates in the laccase-mediated conversion of 4-hydroxybenzoic acid. 
Conclusions
Laccase-mediated oligomerization of 4-hydroxybenzoic acid results in a wide variety of products. The moderately reactive monomer 4-HBA is rst converted to at least three distinct dimers in which the monomers are bound via either a C3-C3 0 , C3-O or C1-C3 0 linkage. Both theoretical as well as experimental evidence showed that these dimers were converted far more rapidly than 4-HBA itself. This is reected in the yield of the above mentioned dimers: the more reactive, the lower the yield. These results indicate that the dimers are not nal products of the reaction of 4-hydroxybenzoic acid with laccase, but highly reactive intermediates in the efficient formation of polymers.
The potential for covalent modication of poly(ethersulfone) membranes by such polymers clearly highlights the importance of these ndings. We expect that the newly obtained knowledge will open up avenues towards discovering new, and improving current, applications in the laccase-mediated modication of phenols and other lignin fragments.
Experimental

Equipment and general conditions
Chemicals: 4-hydroxybenzoic acid (>99%), methyl 4-hydroxy-3-iodobenzoate (97%), palladium on carbon (10 wt%), potassium hydroxide ($85%), Trametes versicolor (EC number: 1.10.3.2) were obtained from Sigma-Aldrich; methyl 3-iodo-4-methoxybenzoate (98%), copper acetate (98%), copper bronze powder (99%) came from Alfa Aesar; methyl 3-hydroxy-4-methoxybenzoate (>98%), 4-(4-hydroxyphenoxy)benzoic acid (>99%) were obtained from TCI Chemicals, 4-methoxycarbonylphenylboronic acid (97%) was purchased from Fluorochem, ABTS diammonium salt (98%) was obtained from Amresco, boron tribromide (>99%), 4-hydroxyphenylboronic acid (97%) were obtained from Acros Organics, tetrabutylammonium uoride trihydrate (for synthesis) was purchased from Merck Millipore, glacial acetic acid (ULC/MS) was obtained from Biosolve and ammonium acetate (analytical grade) was obtained from Fisher Scientic. Reactions were performed under ambient conditions unless stated otherwise. Reactions heated by microwave irradiation were performed in a AntonPaar Monowave 400 microwave with internal temperature control. Purication by ash chromatography was conducted by using ash silica gel 60. C spectra were recorded on a 400 MHz Bruker Avance spectrometer. All signals were referenced relative to the residual solvent signal and coupling constants J are given in Hz. High resolution mass spectra were recorded on a Thermo Scientic Exactive instrument. All MS chromatograms were normalized to the peak with highest intensity. Extracted ion chromatograms are always displayed as a plot of [M À H] AE 0.50 Da.
Enzyme assay
The specic activity of commercially available laccase from Trametes versicolor (EC number: 1.10.3.2) was determined spectroscopically on a Varian Cary 50 Scan UV/Vis spectrometer by measuring the decrease of absorbance for the oxidation of ABTS to the ABTS radical cation (3 ¼ 36 000). ABTS diammonium salt was dissolved in 0.02 M ammonium acetate/ acetic acid buffer (pH 5, 3.5 ml) and laccase was added aer which the decrease of absorbance at l ¼ 420 nm was followed for 1.0 min. The specic activity was determined to be 3.2 U mg À1 laccase. ) were dissolved in 0.02 M ammonium acetate/acetic acid buffer (pH 5, 5.0 ml) and mildly agitated at room temperature for 24 h. Thereaer laccase was removed from the reaction mixture using a 9 kDa protein concentrator by employing centrifugal force (Hermle Z 206A). The supernatant was then either diluted in buffer and subjected to LC-MS analysis or its constituents were separated by employing preparative HPLC.
Laccase-mediated conversion of dimers
Dimers (3.40 mM each) were dissolved in MeOH (10% for dimers 1 and 2 or 18.5% for dimers 3 and 4) and mixed with either 0.02 M ammonium acetate/acetic acid buffer (pH 5) or a solution of 4-hydroxybenzoic acid (3.40 mM) in 0.02 M ammonium acetate/acetic acid buffer (pH 5). To this a solution of laccase from Trametes versicolor (EC number: 1.10.3.2) in buffer was added (0.51 U ml À1 ) aer which the reaction mixture was mildly agitated at room temperature. Subsequent removal of laccase employing centrifugal force (10 protein concentrator, Hermle Z 206A) was followed by appropriately diluting the supernatant with buffer, aer which the mixture was subjected to LC-MS analysis.
Analytical LC-MS setup
For liquid chromatography/mass spectrometry (LC-MS) a Thermo Finnigan Surveyor MS pump was coupled to a photodiode array detector (Thermo Finnigan Surveyor PDA) and either one of the two following: a mass spectrometer (Finnigan LXQ) or high resolution mass spectrometer (Thermo Scientic Exactive), and both instruments were equipped with an electrospray ionization source. Measurements were conducted in negative ionization mode. LC-MS-MS measurements were conducted with the Finnigan LXQ mass spectrometer where components were fragmented at a normalized collision energy of 35 eV. Separation was achieved through an Alltima HP C18 column (2.1 mm Â 100 mm, 3 mm; Grace) at room temperature and a ow rate of 0.2 ml min À1 . The mobile phases consisted of 0.1% formic acid in water (mobile phase A) and in acetonitrile (mobile phase B). The used method for separation of the products of 4-hydroxybenzoic acid oligomerization was as follows: isocratic elution for 5.0 min at 15% B followed by isocratic elution for 12.0 min at 20% B aer which a steep gradient towards 100% B within 0.1 min was followed by isocratic elution for 13.0 min at 100% B. This was followed by a steep gradient back to 15% B and the system was then re-equilibrated by employing 15.0 min of 15% B (LC1).
The used method for separation of the products of the laccase-mediated transformation of dimers 1 and 2 was as follows: gradient elution starting at 15% B which increases linearly to 50% B over the course of 20.0 min. This was followed by eluting with 100% B for 10.0 min aer which the system was re-equilibrated by employing 15% B for 15.0 min (LC2).
The used method for detection of decarboxylated products from the laccase-mediated conversion of 4-HBA was as follows: isocratic elution for 5.0 min at 15% B directly followed by a linear increase of 20% B to 40% B over the course of 12.0 min. This was followed by eluting with 100% B for 6 or 15.0 min (dependent on the dilution of the injected sample) aer which the system was re-equilibrated by employing 15% B for 13.0 min (LC3).
Preparative HPLC-setup
Preparative HPLC-separations were performed on an Alltima C18 column (22 mm Â 250 mm, 5 mm; Grace). A LC-8A Shimadzu LCpump was connected to a SPD-M10AVP Shimadzu diode array detector equipped with a FRC-10A Shimadzu fraction collector. Separation was achieved at room temperature at a constant ow of 22 ml min À1 using a mixture of 0.1% formic acid in water (mobile phase A) and 0.1% formic acid in acetonitrile (mobile phase B). The used method was as follows: isocratic elution for 17.0 min at 22.5% B followed by an 11.0 min rinsing step of 100% B to nish with re-equilibration at 22.5% B.
Quantitative NMR analysis
The purity of the synthesized dimers was assessed using quantitative NMR analysis. Either of the dimers and the internal standard 3,5-dinitrobenzoic acid were dissolved in 0.6 ml deuterated methanol (for dimer 1) or deuterated acetone (for dimers 2 and 3). Thereaer 1 H-NMR spectra were recorded with high relaxation delay d1 (10 seconds). The purity of the synthesized dimer could then be determined according to the formula % purity by weight ¼ W is /W s Â A s /A is Â MW s /MW is Â H is /H s . In this formula W stands for the weighed amount of internal standard/dimer; A corresponds to the area of the particular NMR peak, MW stands for the molecular weight of the internal standard/dimer and H stands for the number of protons represented by the integral of the NMR peak.
Determination of conversion
The peak area for the signal corresponding to the molecule of interest (UV, 254 nm) was determined aer eluting samples with a known concentration of the specic target compound at the conditions as stated for the analytical LC-MS setup. This peak area was determined at several known concentrations (see ESI Fig. S1 -S5 † for details). The peak area at 0.00 mM was subtracted from the other data points and a line was tted through the points using the least squares method (calibration curve).
The obtained values for the slope (a) and offset (b) were used in the formula with form y ¼ ax + b where x is the concentration of the specic target compound and y is the measured peak area.
To determine the unknown concentration of the compound of interest aer reaction an aliquot of the reaction mixture was diluted appropriately in order for the concentration to be interpolated on the calibration curve. This diluted aliquot was eluted under the same conditions as described above and the peak area for the UV peak (254 nm) corresponding to the target compound was determined. This obtained y was then used to regressively calculate the concentration of the compound of interest and thereby also the conversion of starting material.
Synthesis 3,3
0 -Bi(methyl 4-methoxybenzoate) (6) . Methyl 3-iodo-4-methoxybenzoate (500 mg, 1.71 mmol, 2 eq.) and copper bronze (815 mg, 12.8 mmol, 15 eq.) were loaded in a short shallow boiling tube which was sealed and the mixture was heated at 270 C under vigorous stirring for 72 h. 34 The crude product was dissolved in dichloromethane and copper was ltered off. The product was then further puried by silica gel chromatography (petroleum ether 40 : 60/ethyl acetate 6 : 1) to yield the product as an off-white solid (192 mg, 0.57 mmol, 68% Methyl 4-methoxy-3-(4-(methoxycarbonyl)phenoxy)benzoate (9) . Methyl 3-hydroxy-4-methoxybenzoate (200 mg, 1.10 mmol, 1 eq.) was dissolved in dry dichloromethane (20 ml). (4-(Methoxycarbonyl)phenyl)boronic acid (108 mg, 0.59 mmol, 0.55 eq.), copper acetate (109 mg, 0.59 mmol, 0.55 eq.), pyridine (48 ml, 0.59 mmol, 0.55 eq.) and 20 molecular sieves (4Å) were added and the mixture was stirred at room temperature under minor pressure from an air lled balloon. 36 When, according to TLC, all (4-(methoxycarbonyl)phenyl)boronic acid was consumed, another portion of (4-(methoxycarbonyl)phenyl) boronic acid, copper acetate and pyridine was added and the reaction was stirred until all methyl 3-hydroxy-4-methoxybenzoate was consumed. Hereaer water (10 ml) was added and the product was extracted using dichloromethane. The organic layer was then concentrated in vacuo and the product was puried by silica gel chromatography (petroleum ether 40 : 60/ethyl acetate 4 : 1) to yield the product as a white solid (170 mg, 0.54 mmol, 49% 
General procedure for demethylation
A solution of the methylated precursor (0.6 mmol, 1 eq.) in dichloromethane (5 ml) was loaded in a three-necked ask on which an acid gas trap was xed. 35 The solution was stirred under N 2 and cooled to À30 C aer which BBr 3 (1.2 ml, 12.8 mmol, 20 eq.) was slowly added. Thereaer the mixture was further stirred for 18 h during which the mixture was allowed to warm up to room temperature. The reaction was quenched by carefully adding cold water (1 ml). The mixture was concentrated in vacuo aer which it was continuously extracted using ethyl acetate (80 ml). The obtained solid was further puried using either silica gel chromatography or reversed phase preparative HPLC.
3,3
0 -Bi(4-hydroxybenzoic acid) (dimer 1). Dimer 1 was synthesized according to the general procedure for demethylation and puried through preparative HPLC (isocratic elution at 20% acetonitrile in water + 0.1% formic acid) to yield dimer 1 as an offwhite solid (6 mg, 0.02 mmol*, 6%*, purity: 86% (q-NMR)). 3-(4-Carboxyphenoxy)-4-hydroxybenzoic acid (dimer 2). Dimer 2 was synthesized according to the general procedure for demethylation and puried by silica gel chromatography (petroleum ether 40 : 60/ethyl acetate/glacial acetic acid 1 : 5 : 0.02) to yield dimer 2 as an off-white solid (179 mg, 0.60 mmol*, 99%*, purity: 93% (q-NMR)). 1 Tetrabutylammonium uoride (372 mg, 1.18 mmol, 4.0 eq.) was dissolved in water (12 ml) in a 30 ml microwave vessel. Thereaer methyl 4-hydroxy-3-iodobenzoate (83 mg, 0.30 mmol, 1 eq.), 4-hydroxyphenylboronic acid (53 mg, 0.38 mmol, 1.3 eq.) and 10 wt% Pd/C (5.9 mg, 6.0 mmol, 2.0 mol%) were added.
39
The suspension was sonicated for 5 min and rapidly transferred into the microwave, where it was stirred for 45 min at 150 C.
Aer cooling to room temperature potassium hydroxide (500 mg) was added and the mixture was stirred for another 30 min at 150 C under microwave irradiation. Aer 10 min sonication to break down lumps the mixture was extracted with methyl tert-butylether and concentrated in vacuo. Silica gel chromatography (heptane/EtOAc/AcOH 3 : 2 : 0.1% to 1 : 1 : 0.1%) afforded the product as blue/white solid (9 mg, 0.04 mmol*, 13%*, purity: 96% (q-NMR)). 1 
Quantum chemical calculations
Before performing theoretical calculations an initial conformational search was executed in order to determine the conformer distribution for both dimers and 4-HBA using Spartan'14. Hereby a constraint free search was performed and the resulting obtained structures were optimized using the MMFF force eld. For all structures the conformer with the lowest energy was chosen for further studies at M11L level. These geometries were optimized using density functional theory (M11L with the 6-311+G(d,p) basis set) in water as solvent using Gaussian 09, this geometrical optimization was also applied to the radical cations. 41 Additionally, optimization of all geometries was also performed at the B3LYP and M11L level in vacuum with similar results albeit with higher relative energies.
